We report the x-ray crystal structure of human topoisomerase I covalently joined to double-stranded DNA and bound to the clinically approved anticancer agent Topotecan. Topotecan mimics a DNA base pair and binds at the site of DNA cleavage by intercalating between the upstream (؊1) and downstream (؉1) base pairs. Intercalation displaces the downstream DNA, thus preventing religation of the cleaved strand. By specifically binding to the enzyme-substrate complex, Topotecan acts as an uncompetitive inhibitor. The structure can explain several of the known structure-activity relationships of the camptothecin family of anticancer drugs and suggests that there are at least two classes of mutations that can produce a drug-resistant enzyme. The first class includes changes to residues that contribute to direct interactions with the drug, whereas a second class would alter interactions with the DNA and thereby destabilize the drug-binding site.
We report the x-ray crystal structure of human topoisomerase I covalently joined to double-stranded DNA and bound to the clinically approved anticancer agent Topotecan. Topotecan mimics a DNA base pair and binds at the site of DNA cleavage by intercalating between the upstream (؊1) and downstream (؉1) base pairs. Intercalation displaces the downstream DNA, thus preventing religation of the cleaved strand. By specifically binding to the enzyme-substrate complex, Topotecan acts as an uncompetitive inhibitor. The structure can explain several of the known structure-activity relationships of the camptothecin family of anticancer drugs and suggests that there are at least two classes of mutations that can produce a drug-resistant enzyme. The first class includes changes to residues that contribute to direct interactions with the drug, whereas a second class would alter interactions with the DNA and thereby destabilize the drug-binding site.
E
ukaryotic DNA topoisomerase I (topo I) is an enzyme that acts to relax supercoils generated during transcription and DNA replication (1) . Because of the size of the eukaryotic chromosome, removal of these supercoils can only be accomplished locally by introducing breaks into the DNA helix. Topo I mediates DNA relaxation by creating a transient single-strand break in the DNA duplex. This transient nick allows the broken strand to rotate around its intact complement, effectively removing local supercoils. Strand nicking results from the transesterification of an active-site tyrosine (Tyr-723) at a DNA phosphodiester bond forming a 3Ј-phosphotyrosine covalent enzyme-DNA complex. After DNA relaxation, the covalent intermediate is reversed when the released 5Ј-OH of the broken strand reattacks the phosphotyrosine intermediate in a second transesterification reaction. The rate of religation is normally much faster than the rate of cleavage, and this ensures that the steady-state concentration of the covalent 3Ј-phosphotyrosyl topo I-DNA complex remains low (2) .
However, a variety of DNA lesions and drugs have been shown to stabilize the covalent 3Ј-phosphotyrosyl intermediate (3) . For example, camptothecin (CPT) is a natural product that was originally discovered because of its antitumor activity (4) and was later demonstrated to cause the accumulation of topo I-DNA adducts in vitro and in vivo (5, 6) . CPTs bind the covalent 3Ј-phosphotyrosyl intermediate and specifically block DNA religation (7), thus converting topo I into a DNA-damaging agent (8) . Topo I is the sole intramolecular target of CPT, and the cytotoxic effects of CPT poisoning are S-phase specific (9) . During DNA replication, the replication fork is thought to collide with the ''trapped'' topo I-DNA complexes, resulting in double-strand breaks and ultimately cell death (10) .
It has been difficult to study the mechanism of CPT activity because the drug acts as an uncompetitive inhibitor and binds only the transient covalent enzyme-substrate complex (7, 11) . To isolate the covalent topo I-DNA complex, we have used suicide DNA substrates containing a 5Ј-bridging phosphorothiolate (12) . Topo I-mediated cleavage of these substrates generates a 5Ј-sulfhydryl, instead of a 5Ј-hydroxyl, which is inert in subsequent ligation reactions. These substrates have previously allowed the crystallization of a reconstituted version of human topo I covalently attached to DNA (13) , which displays altered sensitivity to CPTs. Here, we report the structure of a fully active, CPT-sensitive form of human topo I covalently joined to duplex DNA in the absence (3.2 Å) and presence (2.1 Å) of Topotecan, a clinically approved CPT analog (trademark name Hycamtin).
Materials and Methods
The human topoisomerase I construct of residues Lys-175 to Phe-765 (topo70) was purified from a baculovirus-insect cell (SF9) expression system as described (14) . Topo70 was concentrated to 4 mg͞ml in 10 mM Tris⅐HCl, pH 7.5/1 mM EDTA/1 mM DTT. Blunt-ended duplex oligonucleotides were prepared with a 5Ј-bridging phosphorothiolate linkage (12) at the preferred site of topo I cleavage (13) . The oligonucleotide sequence was 5Ј-AAAAAGACTTsTGAAAAATTTTT-3Јin the binary topo70-DNA cr ystal form and 5Ј-A A A A AGACT TsG-GAAAAATTTTT-3Ј in the ternary topo70-DNA-Topotecan crystal form, where ''s'' represents the 5Ј bridging phosphorothiolate of the cleaved strand. Crystals of the ternary complex were grown in sitting drops at 16°C by vapor equilibration against a precipitant of 10% (wt͞vol) polyethylene glycol (PEG) 8000, 200 mM lithium sulfate, and 100 mM Mes, pH 6.5, at 16°C (15) . Crystallization drops were prepared by mixing in order 2 l of precipitant, 1.5 l of 0.05 mM suicide duplex substrate, 0.3 l of 10 mM Topotecan (dissolved in water), and 1.5 l of 4 mg͞ml topo70. Crystals of the binary complex were grown in sitting drops at 16°C by vapor equilibration against a precipitant of 10% wt͞vol PEG 8000, 100 mM Tris⅐HCl, pH 8.0, 100 mM Na͞K phosphate, pH 6.2, 100 mM KCl, and 10 mM DTT. Crystallization drops were prepared by mixing in order 2 l of precipitant, 2 l of 0.1 mM suicide duplex substrate, and 2 l of 4 mg͞ml topo70.
For structure determination and refinement, crystals were cryoprotected by soaking them in precipitant plus 30% vol͞vol PEG 400 for 30 s. Data were collected at 100 K at the National Synchrotron Light Source, Brookhaven National Laboratory beamline X25, and COM-CAT, Sector 32, Advanced Photon Source, Argonne National Laboratory. The structures were solved by molecular replacement with AMORE (16) by using the structure of the noncovalent topo70-DNA complex (17) . The DNAs were placed into the electron density of SigmaA-weighted phase-combined maps and rigid body refined using CNX. The structures were rebuilt and refined by CNX with simulated annealing (18) and iterative model adjustments with XTALVIEW (19) . Topotecan was placed unambiguously into the SigmaAweighted ͉F obs ͉-͉F calc ͉ maps of the ternary complex. The final ternary complex model contains residues 201-765 of topo70, Topotecan, and the 22-bp DNA duplex oligonucleotide, with good geometry and no Ramachandran outliers (Table 1) . Crys-tals of the binary topo70-DNA covalent complex displayed merohedral twinning. The twin fraction was estimated using CNX, and the final binary complex model was refined using torsion angle-simulated annealing and restrained B-factor refinement against the twinned data using CNX. All DNA calculations were made with the program X3DNA (20) using the standard reference frame for calculations recommended by the Tsukuba workshop on nucleic acid structure and interactions (21) .
Results
To define the binding mode of Topotecan, we have solved the x-ray crystal structures (Table 1 ) of a 70-kDa form of human topo I (topo70) in covalent complex with duplex DNA in the absence (binary complex; Fig. 1A ) and presence of Topotecan (ternary complex; Fig. 1B ). Topo70 is a fully active enzyme that displays in vitro activity and sensitivity to Topotecan that is indistinguishable from the native full-length enzyme (14) . Both crystal forms have one unit cell dimension formed by pseudocontinuous end-to-end packing of the 22-mer duplex DNAs. This unit cell edge is 73.2 Å in the binary complex (the a edge) and 75.2 Å in the ternary complex (the c edge). A comparison of the Topotecan ternary complex structure to the non-Topotecan binary structure reveals minor differences in the overall C-␣ backbone trace with an rms deviation of 1.33 Å, excluding linker domain residues Gln-633-Gln-697, which were not visible in the electron density of the nondrug-bound protein. The linker domain residues are typically disordered in topo70 crystal structures (22) .
A comparative analysis of these structures demonstrates that Topotecan intercalates at the site of DNA cleavage, forming base-stacking interactions with both the Ϫ1 (upstream) and ϩ1 (downstream) base pairs (Fig. 1) . The planar 5-membered polycyclic ring system of Topotecan mimics a DNA base pair in the DNA duplex and occupies the same space as the ϩ1 base pair in the structure without drug bound (Fig. 1E) ; Ϸ60% of solvent accessible surface of Topotecan (380 Å 2 of the total 630 Å 2 ) is covered by base-stacking interactions. Intercalation by Topotecan extends the rise between the Ϫ1 and ϩ1 base pairs from 3.6 *Rsym ϭ ⌺͉li Ϫ lm͉͞⌺lm where Ii is the intensity of the measured reflection and I m is the mean intensity of all symmetry-related reflections. † Nondrug-bound crystals were merohedrally twinned (twin law h, -h-k, -l; twin fraction ϭ 0.151 estimated using CNX). R factors were calculated using twinned data. The binary complex is diagrammed with protein (green) and DNA (yellow). The ternary complex is diagrammed with protein (green), DNA (blue), and Topotecan (CPK gray as carbon, red as oxygen, blue as nitrogen). The 2.1-Å drug-bound structure represents the most complete topo I structure reported to date, providing visible electron density from Gln-201 to the COOH-terminal Phe-765. The linker domain (Pro-636 to Lys-712) could not be visualized in the binary complex (22) but was visible in the ternary complex. Previously reported crystal structures of human topo I include the inactive Y723F version of topo70 and topo58͞6.3 (a reconstituted linkerless enzyme) in noncovalent complex with DNA and topo58͞6.3 in covalent complex with DNA (13, 17) . Unlike topo70, the reconstituted enzyme has altered kinetics and is not sensitive to CPT in a plasmid relaxation assay (17) . (C) Molecular diagram showing the nondrug-bound topo I-DNA complex. The ϩ1 and Ϫ1 bases of the duplex DNA (yellow, stick) are shown making four contacts to the surrounding protein (green, stick) to stabilize the protein-DNA complex. (D) Topotecan (CPK) intercalates between the ϩ1 and Ϫ1 bases of the duplex DNA (blue, stick). Six protein (green, stick) contacts stabilize the open form of the DNA. A contact with the main chain nitrogen of Arg-362 is not labeled. Topo70 residues whose mutation leads to drug resistance are highlighted with yellow boxes. The 5Ј-SH of the ϩ1 G is highlighted in pink. The covalent phosphotyrosine attachment to DNA is shown between Tyr-723 (green, stick) and the Ϫ1 T (blue, stick) of the cleaved strand. The mobile phosphodiester of the intact DNA strand is labeled 0P. (E) Comparison of the 22-mer duplex oligonucleotides of the drug-bound (blue) and nondrug-bound (yellow) complexes reveals that Topotecan (CPK) binds to the enzyme-substrate complex by intercalating in the DNA and shifting the downstream bases by Ϸ3.6 Å, equivalent to the rise of one base pair.
Å in the binary complex to 7.2 Å in the ternary complex. In addition, the twist between the Ϫ1 and ϩ1 base pairs in the ternary complex is only Ϸ10°, as compared with Ϸ36°twist in the binary complex. As a result, the distance from the 5Ј-SH to the phosphorous of the 3Ј-phosphotyrosine increases from 3.5 Å in the binary complex to 11.5 Å in the ternary complex.
The intercalation binding site is created by conformational changes of the phosphodiester bond between the ϩ1 and Ϫ1 base pairs of the uncleaved strand (0P, Fig. 1D ), which effectively ''open'' the DNA duplex. Positioning of the 0P phosphodiester in the ternary complex is stabilized through hydrogen bond contacts to the main chain nitrogens of residues Arg-362 and Gly-363 (Fig. 1D) . A hydrogen bond contact to Lys-374 is present in both structures ( Fig. 1 C and D) . The intercalation binding site is also stabilized by several protein-DNA interactions (Fig. 1D) . The hydroxyl of Thr-718 makes a hydrogen bond with the nonbridging phosphodiester oxygen of guanosine at position ϩ1 of the cleaved strand (ϩ1G). Arg-364 makes a hydrogen bond with N3 of adenosine at position Ϫ1 of the uncleaved strand (Ϫ1A), and Lys-532, a known catalytic residue (23) , makes a hydrogen bond with the O2 oxygen of thymidine at position Ϫ1 (Ϫ1T).
The E-ring of Topotecan is known to be in equilibrium between the closed lactone form and a hydrolyzed open carboxylate form (4) (Fig. 2A) . Close inspection of the Topotecan electron density allowed positioning of both the open and closed E-ring conformers (Fig. 2B ). An unrestrained full matrix refinement of occupancy factors (24) (Fig. 2 C and D) . Fluorescence spectrophotometric measurements of Topotecan at 1 mM concentration in precipitant solution were determined as a function of pH (without added topo70 or duplex oligonucleotide) (25) . This analysis revealed a similar ratio of closed (75%) and open (25%) forms of the drug dissolved in the precipitant solution that was used to grow the ternary complex crystals, 10% wt͞vol PEG 8000, 200 mM lithium sulfate, 100 mM Mes, pH 6.5 (data not shown).
There is only one direct hydrogen bond between the enzyme and Topotecan; Asp-533 hydrogen bonds to the 20(S)-hydroxyl in both the carboxylate and lactone models (Fig. 3) . Asp-533 is also coordinated by the -nitrogen of Arg-364. In the carboxylate model (Fig. 3B) , there are two water-mediated hydrogen bonds that assist in coordinating the Topotecan into the cleaved DNA intermediate. The 22-hydroxyl is bridged through a water to the R-group of Asn-722, and one of the 21-carboxylate oxygens is bridged to the phosphotyrosine (P-Tyr-723). Finally, in both the lactone and carboxylate models, the 10-hydroxyl of Topotecan is 2.8 Å from a water molecule.
Discussion
The ternary topo I-DNA-Topotecan complex demonstrates that Topotecan intercalates at the site of DNA cleavage and is stabilized by base-stacking interactions with both the Ϫ1 (upstream) and ϩ1 (downstream) base pairs. The planar ring system of Topotecan mimics a DNA base pair and occupies the same space as the ϩ1 base pair in the structure without drug bound. Specifically, the long axis of the Topotecan molecule is parallel with the axis of base pairing, which differs from published computer models of CPT binding, which invoke only partial intercalative binding perpendicular to the long axes of the Ϫ1 and ϩ1 bases (13, 26, 27) .
The intercalation binding pocket is created by simple rotation of the phosphodiester bond (0P) of the uncleaved strand at the site of topo I-mediated cleavage and does not require rotation of a DNA base out of the helix or breakage of any hydrogen bonds between DNA base pairs as previously hypothesized (13, 26) . The observed rotation does require unstacking of the ϩ1 and Ϫ1 base pairs, which may be energetically promoted by the concomitant movement of the 0P phosphodiester into a binding pocket, where it is stabilized by two additional hydrogen bond interactions with the main-chain nitrogens of Arg-362 and Gly-363.
The intercalation binding mode explains how CPTs specifically block DNA religation, as the binding͞intercalation results in a 3.6 Å shift of the downstream base pair and displaces the reactive 5Ј-OH (or 5ЈSH in the structures presented) of the cleaved strand 8 Å further away from the phosphotyrosine. Because the Topotecan binding pocket is located within the DNA substrate and can form only after the first transesterification, the structures explain why CPTs target the enzymesubstrate complex and not the enzyme alone (7) . It should be noted that at concentrations of 10-20 M, Topotecan has been shown to bind directly to duplex DNA (28, 29) , and this binding is likely to be of an intercalative nature (30) . Our crystal structure of the ternary complex demonstrates that Topotecan can mimic a DNA base pair, and this property may partially explain why at relatively high concentrations the drug can intercalate into duplex DNA in the absence of enzyme. It has also been shown that CPT can preferentially stabilize a covalent complex that has a G:C base pair at the ϩ1 position (31). Our ternary complex structure was prepared with a G:C base pair in the ϩ1 position, but we do not see any specific interactions that explain the reported preference for this base pair. Additional ternary complex structures with other base pairs in the ϩ1 position are needed to address this issue in a comparative manner.
Previous functional analyses have demonstrated that a large number of modifications can be placed at positions 7, 9, and 10 of CPT (32) , and in some cases these modifications can increase in vivo activity without changing in vitro activity. The structural model demonstrates that these positions face into the major groove of the DNA, and modifications that improve solubility, stability, etc. would not sterically interfere with drug binding. The structure model also predicts that there is only one direct hydrogen bond between the enzyme and Topotecan; Asp-533 hydrogen bonds to the 20(S)-hydroxyl. The importance of the 20(S)-hydroxyl in stabilizing Topotecan is supported by a number of structure͞activity studies. For example, the 20(R) stereoisomer of CPT is inactive in vitro (33, 34) . According to the model, the 20(R)-hydroxyl would not be able to contact Asp-533, and the 20(R)-ethyl group would create a steric clash with Asp-533 and Lys-532. In addition, substitution of the 20(S)-hydroxyl for hydrogen eliminates activity (35, 36) ; however, substitution of chlorine or bromine for the 20(S)-hydroxyl only partially eliminates activity (36) . The structure model explains these results because the halogen substitutions, unlike the 20(S)-deoxy substitution, would eliminate the 20(S)-hydroxyl:Asp-533 interaction but still allow E-ring opening and would therefore allow water-bridged contacts of the 22-hydroxyl to Asn-722 and a 21-carboxylate oxygen to the P-Tyr-723 in the carboxylate model (Fig. 3B) . In addition, the 21-carboxylate oxygens would be positioned for ionic interactions with Lys-532.
Although the ternary crystal structure cannot be used to calculate the relative affinities of open carboxylate vs. closed lactone forms of Topotecan, the observed ternary complex structure demonstrates that both the closed lactone ring and open carboxylate conformers can bind within the same intercalation pocket and presumably prevent religation. This conclusion is surprising, because it is generally believed that only the lactone form is active. We cannot rule out the possibility that the high concentrations of Topotecan that are present in the crystallization drops (500 M) allow one form of the drug to bind that would not bind under conditions normally used to measure inhibition of DNA relaxation (1-200 M) or DNA religation (0.1-10 M) in vitro. However, a similar ratio of carboxylate:lactone was observed in the precipitant solution used to grow the ternary complex crystals, suggesting that at high concentrations of drug there is no preferential binding of either form to the covalent complex.
It should also be emphasized that the drug is always in equilibrium between open carboxylate and closed lactone forms. If one form is present in the solution, the other form will also be present. In fact, Hertzberg et al. (35) have demonstrated that addition of either the sodium salt carboxylate form or the lactone form of CPT induced accumulation of topo I-DNA covalent adducts in vitro (see, however, refs. 34 and 37). Because drug binding can only be assayed indirectly by assaying topo I-mediated cleavage and͞or relaxation, the assays can only be done in a limited pH range. This limitation also makes it difficult to assay only one form of the drug.
Chemical modifications to the drug can shift the carboxylate/ lactone equilibrium; however, these modifications may disrupt other interactions or introduce new interactions. For example, CPT (35) . The simplest interpretation of this result is that the lactone form is not active in vitro, but the inactivity of the lactam modification may also result from the fact that this modification converts a hydrogen bond acceptor (lactone, O) to a hydrogen bond donor (lactam, NH). We observe no potential contacts between the DNA or enzyme to this atom in the lactone form of our model, which argues that E-ring opening is important for CPT poisoning. CPT analogs containing a seven-membered ␤-hydroxylactone ring (homo-CPTs), instead of the naturally occurring six-membered ␣-hydroxylactone E-ring, are potent topo I poisons (38) . Examination of the ternary complex demonstrates that there is adequate space within the binding pocket to accommodate the slightly larger E-ring and the critical 20(S)-hydroxylAsp-533 interaction could be maintained. Although the rate of hydrolysis of the seven-membered E-ring is slower (38) , a fact that is often taken to suggest that the carboxylate form of CPT is inactive, the overall equilibrium of homo-CPT is actually shifted in favor of the open carboxylate form (39) . Clearly, additional crystal structures of homo-CPT bound to the enzyme-substrate complex are necessary to directly address the binding mode of this CPT analog.
Several CPT resistance (CPT r ) point mutations in human topo I have been identified, including Asp-533 (40, 41) , Arg-364 (42, 43) , Asn-722 (44), Phe-361 (45, 46) , Gly-363 (47, 48) , Ala-653 (48), Glu-418 (49), and Thr-729 (50). Our ternary complex crystal structure model helps to clarify the structural role of amino acid side chains that, if mutated, produce a CPT-resistant enzyme. For example, our model predicts that mutations at Asp-533, Arg-364, and Asn-722 will result in CPT resistance by removing important interactions that contribute directly to drug binding. The model also predicts that the CPT r amino acids Phe-361 and Gly-363 do not contact the drug directly but are important for creating͞stabilizing the intercalation binding pocket. Comparison of the binary and ternary complexes demonstrates that the 0P phosphodiester must rotate into a binding pocket to allow opening of the DNA duplex. In support of the proposed model, substitutions at Phe-361 and Gly-363 would be expected to destabilize the 0P phosphodiester in the ternary complex and result in CPT resistance (42) . The proposed structure model does not explain all mutations that affect CPT sensitivity. For example, mutations at positions Glu-418 (49), Ala-653 (48), and Thr-729 (50) in human topo I also lead to CPT resistance; however, these residues are too distant to contact the drug directly, and it is not obvious how they affect the structure or stability of the intercalation binding pocket. Clearly, the structure determination of mutant topoisomerases in the presence and absence of CPT(s) is necessary to understand how these mutations confer drug resistance. We cannot rule out the possibility that the drug may also bind at other sites in the complex; however, careful analysis of the electron density map of the ternary complex allowed visualization of a single PEG molecule (M r ϭ 194) that was introduced during cryoprotection of the crystals (Table 1 ). This result argues that if Topotecan (M r ϭ 422) was stably bound at another site, it would be apparent.
Mutations at Thr-718 act as CPT mimics and result in an increase in the steady-state concentration of covalent topo I-DNA adducts even in the absence of drug (48) . The structure model suggests that this phenotype may result from greater mobility of the reactive 5Ј-OH (5Ј-SH in presented structures). The hydroxyl of Thr-718 makes a hydrogen bond contact to the nonbridging oxygen of the ϩ1 phosphodiester in both the binary and ternary complexes, and this interaction may help position the 5Ј-OH for nucleophilic attack at the 3Ј-phosphotyrosine bond.
In addition to preventing DNA religation, high concentrations of CPT and Topotecan have been shown to inhibit DNA relaxation in vitro (51) . It has previously been hypothesized that CPT inhibits DNA relaxation, not by prolonging the lifetime of the covalent complex but by somehow hindering DNA rotation (51) . One interpretation of the differences observed between our binary (no drug bound) and ternary (drug bound) structures is that Topotecan binding stabilizes the covalent complex and prevents conformational changes that would normally allow relaxation. A related possibility may be that drug binding specifically interferes with rotation around the 0P phosphodiester bond during the relaxation process (17) . The hydrogen bond contacts between the nonbridging oxygens of 0P and the main chain nitrogens of Gly-363 and Arg-362 and Lys-374 would restrain three (␣, ␤, ␥) of the five potentially rotatable backbone bonds (52) . This tight packing arrangement could hinder the downstream DNA from rotating about 0P. It is important to note that the packing arrangement of 0P would not eliminate all possible DNA rotation, and DNA relaxation may proceed by other mechanisms. For example, rotation could still occur at the ϩ2 (or ϩ3, etc.) phosphodiester. However, additional base-pair hydrogen bond interactions would have to be broken to allow this rotation. Finally, it is important to note that higher concentrations of drug are required to inhibit DNA relaxation than to inhibit DNA religation. It is therefore possible that Topotecan is inhibiting DNA relaxation by binding to different and͞or additional sites on the protein or DNA.
A caveat to the interpretation of all crystal structures is that the high concentrations of protein and ligand, packing interactions, etc. may lead to complexes that are not biologically relevant. We believe the validity of our model can be supported by its congruence with many of the known structure-activity relationships of Topotecan and related compounds. However, there are several points that must be considered in this analysis. First, the model may not explain the activity of certain CPT analogs in vivo. For example, modifications that change features of the drug (solubility, stability, nonspecific binding to serum, etc.) may result in more potent drugs, but these same modifications may not alter binding to the topo I-DNA complex. The structure model is therefore most useful for addressing structure-activity relationship data obtained in vitro. These data determined in vitro can also be hard to compare because it has not been possible to assign an equilibrium dissociation binding constant to any topoisomerase poison; in vitro assays rely upon catalytic events (DNA cleavage or DNA relaxation) that may happen before or after drug binding. Finally, it is important to remember that a single ternary complex structure can only represent one step in the reaction cycle that probably involves several different conformational intermediates.
In conclusion, the 2.1-Å structure of Topotecan bound to the human topo I-DNA covalent complex demonstrates that Topotecan is an uncompetitive inhibitor and binds to the complex by intercalating between DNA bases of both strands at the enzymeinduced nick. Intercalation at the enzyme-induced nick explains why the drug binds the enzyme-substrate complex more efficiently than enzyme or DNA alone, and provides an explanation for how these drugs cause the accumulation of cytotoxic topoisomerase-DNA adducts. Topotecan binding is stabilized by stacking interactions with the DNA, a hydrogen bond contact with Asp-533, and water-bridged contacts to the active site phosphotyrosine and Asn-722. Residues that contribute to direct contacts with the drug (Asp-533, Asn-722, and Arg-364) result in CPT resistance when mutated. In addition, the model reveals that another class of CPT-resistant mutants results from disruption of interactions that are important for stabilizing the intercalation by contributing to a binding pocket for the 0P of the intact strand (Phe-361, Arg-362, Gly-363). Close examination of the ternary complex also indicates that the bound drug exists in both the closed lactone and open carboxylate forms. Clearly, additional structures will be needed to understand how other
